Impaired respiratory function is associated with morbidity (1) and mortality (1) (2) (3) (4) (5) (6) (7) . Poor respiratory function predicts overall mortality, as well as death due to cancer (3, 6, 8) , pulmonary disease (2, 9) , cardiovascular disease (1-4, 6, 8) , and stroke (8) . This relation could simply reflect the effect of cigarette smoking, respiratory illness, or other preexisting disease (10) (11) (12) (13) (14) . There is less information on determinants of respiratory function other than cigarette smoking in the general population. Obesity is also associated with morbidity and mortality (15) . A number of studies have reported an inverse relation between respiratory function and various indices of obesity or fat distribution. These indices include measures of overall adiposity, such as weight or body mass index (weight (kg)/height (m) 2 ) (14, (16) (17) (18) (19) (20) , and measures of fat distribution, such as waist circumference (18) , ratio of waist circumference to body surface area (18) or height (21) , percentage of fat mass (22) , and skinfold thickness (22, 23) . Clinical studies have reported that waist:hip ratio, as a measure of abdominal obesity, was associated with poor respiratory function in both mildly obese (23) and morbidly obese (13) persons. Another study reported that lung function was associated with waist:hip ratio in older men but not in women (14, 22) . Inferences from these studies are limited, because many have been restricted to men, have focused on extreme levels of obesity, or have had small sample sizes. It is also not clear whether the relation between waist:hip ratio and respiratory function observed in these studies is simply explained by body mass index. To address some of these limitations, we examined the relation between respiratory function and abdominal obesity in a large free-living population of men and women.
MATERIALS AND METHODS
The European Prospective Investigation into Cancer and Nutrition (EPIC) is a multicenter prospective study of diet and cancer in Europe. The EPIC cohort in Norfolk, United Kingdom (EPIC-Norfolk) expanded its aims to include determinants of other chronic diseases. In the EPIC-Norfolk cohort, recruitment started in 1993 and ended in 1997. The study was approved by the Norfolk Health District Ethics Committee. Details on procedures and participant recruitment have been published previously (21) .
Briefly, participants aged 45-79 years were recruited through the age-sex registers of collaborating general practices in Norfolk. Persons who consented completed a health and lifestyle questionnaire from which demographic data were obtained. At a clinic visit, trained nurses took the anthropometric measurements of participants while they stood in light clothing without shoes, using a standard protocol (24) . Height was measured to the nearest 0.1 cm using a free-standing stadiometer. Weight was measured to the nearest 100 g using digital scales (Salter, Tonbridge, United Kingdom). Body mass index was calculated from the weight and height measures. A D-loop nonstretch fiberglass tape was used for the circumference measures. Waist circumference was measured at the smallest circumference between the ribs and the iliac crest to the nearest 0.1 cm while the participant was standing with the abdomen relaxed, at the end of a normal expiration. Where there was no natural waistline, the measurement was taken at the level of the umbilicus. Hip circumference was measured at the maximum circumference between the iliac crest and the crotch while the participant was standing and was recorded to the nearest 0.1 cm. Waist:hip ratio was then calculated from the waist and hip measures (waist circumference/hip circumference). Respiratory function was assessed by spirometry (25) . Forced expiratory volume in 1 second (FEV 1 ) and forced vital capacity (FVC) were measured twice using a portable spirometer (Micro Medical, Rochester, United Kingdom).
On the questionnaire, participants were asked, "Has the doctor ever told you that you have any of the following?", after which was a list of various medical conditions, including cancer (except nonmelanoma skin cancer), heart disease (also heart attack or myocardial infarction), stroke, bronchitis/emphysema, and asthma. Participants were considered to have the condition if they ticked the "yes" option alongside the specific medical condition. Participants were defined as current smokers if they reported currently smoking cigarettes (that is, gave an affirmative response to the question "Do you smoke now?"), former smokers if they reported having smoked previously ("yes" to the question "Have you ever smoked as much as one cigarette a day for as long as a year?" but "no" to the question "Do you smoke now?"), and never smokers if they gave no affirmative response to any of the questions on smoking.
Participants were grouped by occupational social class (26) as professional (I), managerial (II), skilled-nonmanual (IIIa), skilled-manual (IIIb), partly skilled (IV), or unskilled (V). Participants were also asked to describe their level of activity at work. This variable was defined as sedentary work (spending most of the time sitting), standing work (spending most of the time standing or walking but not doing any work requiring intense physical effort), physical work (doing work involving physical effort, including the handling of heavy objects and the use of tools), or heavy manual work (work involving very vigorous physical activity, including the handling of very heavy objects). Participants indicated the number of hours they spent in various activities during recreational and leisure time (walking, cycling, and other physical exercise). In a validation study conducted separately, the energy expenditure of the work-and leisure-related activity variables was shown to be related to total daily energy expenditure (27) . On the basis of the combined information on level of activity at work and amount of hours spent in leisure activities, participants were then divided into four physical activity index groups, with level I designated the most sedentary (including persons who did not report any physical activity) and level IV defined as spending the most number of hours in leisure-time activities and/or involved in heavy manual work. The index represents the grouping of participants from the least active persons (level I) to the most active persons (level IV).
There were 25,623 participants who attended the health check. Of these, 24,605 were aged 45-79 years at the baseline health check. We excluded persons who had had cardiovascular disease (history of heart disease, myocardial infarction, or stroke) (n = 1,099) or cancer (except nonmelanoma skin cancer) (n = 1,373), those with missing data on anthropometric measures (n = 86), those who died within the first year after the date of the health-check visit (n = 129), and those who had no data on lung function measures (n = 504). After the exclusion of 3,055 persons (people may have had one or more of the exclusion criteria), the remaining 21,550 participants (9,674 men and 11,876 women) formed the basis of this analysis.
Abdominal obesity was assessed using the waist:hip ratio. Respiratory function was evaluated on the basis of the FEV 1 and FVC measures. The higher values of the two readings for FEV 1 and FVC were used for the analyses. Participants were divided into sex-specific quintiles of waist:hip ratio, and subsequent analyses were sex-specific. Mean values for FEV 1 and FVC were computed for each quintile of waist:hip ratio. Actual individual FEV 1 and FVC values were used, and the values were then adjusted for covariates, including age, height, body mass index, cigarette smoking (never, former, and current), prevalent bronchitis/emphysema (yes vs. no), asthma (yes vs. no), social class (class I, II, IIIa, IIIb, IV, or V), and physical activity index (level I, II, III, or IV). As covariates, age, height, and body mass index were treated as continuous variables, while the rest of the covariates were treated as categorical variables in the regression models.
The magnitude of the effect of every 0.05-unit increase in waist:hip ratio on respiratory function was assessed using univariate and multivariate regression models. The standard deviations of waist:hip ratio in men and women were 0.059 and 0.062, respectively. We used 0.05 as the value for a oneunit change in waist:hip ratio to allow comparability of estimates between men and women and to allow for more meaningful interpretations of the coefficients for FEV 1 and FVC associated with a one-unit change in waist:hip ratio. To investigate the interrelation between lung function, waist:hip ratio, and body mass index, we stratified participants by quartiles of waist:hip ratio and body mass index and assessed their lung function. We also compared the magnitude of the effect of obesity measures on lung FEV 1 and FVC. The associations of respiratory function with one-quintile changes in waist:hip ratio, body mass index, and waist circumference were determined in separate regression models (models 1-3), as well as in combined regression models for body mass index together with waist:hip ratio (model 4) or waist circumference (model 5). Quintiles of body mass index and of the adiposity terms were used in this particular analysis to allow comparability of effect sizes between the three measures.
The correlation of body mass index with waist:hip ratio was 0.57 in men and 0.41 in women, and its correlation with waist circumference was 0.85 in both men and women. Significance testing for trend was conducted using regression models. A value of p < 0.05 (two-sided) was used to determine statistical significance. Regression coefficients and 95 percent confidence intervals were also calculated. Intercooled Stata 8.0 (Stata Corporation, College Station, Texas) was used to perform statistical analyses.
RESULTS
In this cohort, mean age, body mass index, and waist:hip ratio for men were 59.6 years (standard deviation (SD), 8. Men who had no data on respiratory function measures (n = 229) were slightly older (p = 0.05) and had a higher waist:hip ratio (p = 0.02), but there was no difference in body mass index (p = 0.45) or height (p = 0.44) when they were compared with men who were included in the current analysis. Women who had no data on respiratory function measures (n = 275) had a higher waist:hip ratio (p = 0.01), but there was no difference in age (p = 0.52), body mass index (p = 0.23), or height (p = 0.61) when they were compared with women included in this analysis. Table 1 shows the characteristics of participants by quintiles of waist:hip ratio. Men and women who were in the higher waist:hip ratio quintiles were older and had higher values for anthropometric measures, a higher prevalence of bronchitis/emphysema and asthma, greater proportions of current smokers and persons in social classes IV and V, and a lower physical activity index. Mean FEV 1 values were 2.92 liters (SD, 0.73) and 2.13 liters (SD, 0.52) for men and women, respectively. Across quintiles of waist:hip ratio, respiratory function values decreased. Comparing the top quintile with the bottom quintile, FEV 1 and FVC were lower in men by 530 ml and 670 ml, respectively, and in women by 400 ml and 480 ml, respectively. The FEV 1 and FVC values in the top quintile were approximately 17 percent lower than those in the bottom quintile in both men and women. After adjustment for age, height, body mass index, cigarette smoking, and other potential confounders, mean values for FEV 1 and FVC decreased across waist:hip ratio quintiles in both sexes. In men, the covariate-adjusted FEV 1 value was lower by approximately 290 ml between the lowest and highest quintiles of waist:hip ratio, while FVC was lower by 410 ml. In women, FEV 1 and FVC values were lower by 80 ml and 140 ml, respectively.
Multivariate regression coefficients confirmed the presence of independent and inversely linear relations between waist:hip ratio and FEV 1 and FVC (table 2). The inverse relation between respiratory function and waist:hip ratio remained significant after adjustment for age, height, body mass index, cigarette smoking, physical activity, and other covariates. These relations were still present after exclusion of current smokers and persons with previously known bronchitis/emphysema or asthma. Even among never smokers and those without known bronchitis/emphysema or asthma, FEV 1 and FVC values associated with a 0.05-unit increase in waist:hip ratio in men were -62.9 ml (95 percent confidence interval (CI): -83. Respiratory function was also examined across waist:hip ratio quartiles stratified by body mass index (figures 1 and 2). For a given body mass index quartile, mean FEV 1 and FVC decreased with increasing waist:hip ratio in both men and women. For a given waist:hip ratio quintile, an inverse relation between respiratory function and body mass index was less apparent, particularly in men. In women, lung function was lowest among those who were in both the top waist: hip ratio quartile and the top body mass index quartile. In men, the lowest lung function values were noted among those in the top waist:hip ratio quartile but the bottom body mass index quartile. Their values for FEV 1 and FVC were lower by 420 ml and 560 ml, respectively, when compared with the values of men in the bottom waist:hip ratio quartile and the top body mass index quartile.
The effect of obesity measures on FEV 1 and FVC was also analyzed (table 3) . Negative coefficients were apparent for lung function in men and women with increasing quintiles of waist:hip ratio, body mass index, and waist circumference, even after adjustment for age and height. Waist:hip ratio showed the biggest reduction in comparison with body mass index or waist circumference. When further adjustments for height were made, waist:hip ratio in men and waist circumference in women were associated with a bigger reduction in respiratory function compared with body mass index. Combining both waist:hip ratio and body mass index quintile in the same model, the negative coefficients for waist:hip ratio in men persisted and even increased in magnitude (model 4). In women, the effect of waist:hip ratio was attenuated by body mass index, but both measures were still inversely related to lung function. On its own, the ageadjusted regression model showed that waist circumference was inversely related to respiratory function in both men and women, but the coefficients were of lesser magnitude than those for waist:hip ratio or body mass index. Combining both waist circumference and body mass index in the same regression model (model 5) showed that the age-adjusted coefficients for waist circumference were attenuated in both men and women. However, the magnitude of the effect of waist circumference on lung function increased when height ¶ Percentages for cigarette smoking may not sum to 100% because of missing data. # Self-reported doctor-diagnosed condition. ** "Partly skilled" (IV) and "unskilled" (V). † † Physical activity index level I. (model 3) or both height and body mass index (model 5) were added to the age-adjusted regression models.
DISCUSSION
An inverse relation between respiratory function and abdominal obesity was observed in this population of older men and women who had no previously known heart disease, stroke, or cancer. Both FEV 1 and FVC mean values were lower among persons in the higher quintiles of waist: hip ratio, and this relation was consistent for both men and women. This relation remained significant even after adjustment for age, height, body mass index, cigarette smoking, physical activity, prevalent bronchitis/emphysema, prevalent asthma, and social class. Even among relatively healthy nonsmoking persons without preexisting respiratory disease, the association was significant.
Although the magnitude of the relation was not large, it was surprising that an effect was demonstrable given the measurement errors in assessing lung function. Even though only the better result of the two measurements taken was used in the analyses, FEV 1 and FVC are highly influenced by the voluntary effort exerted in performing the maneuver (28) . Baseline disability may influence performance in lung function tests. However, persons who had prevalent serious illness (those who had heart disease, stroke, or cancer at baseline) were excluded from the analyses. We also excluded from our analyses persons who had missing data on respiratory function measures. These persons had higher waist:hip ratios than persons included in this study. Hence, it is more likely that our study could only underestimate any true association in the general population. Exclusion of obese persons (body mass index >30) from the analyses did not significantly change the results. As in other reports, age and height were important determinants of respiratory function (10, 13, 28) , and taking these variables into account attenuated the variation of the mean FEV 1 and FVC values across waist:hip ratio quintiles. Adjustment for social class did not significantly change the findings. Moreover, the effect of social class or other socioeconomic indicators may be reflected through the smoking patterns and preexisting health conditions of the cohort.
Obesity and respiratory function could both reflect some underlying common etiology. Cigarette smokers have been 2 . ‡ Adjusted for age, body mass index, height, cigarette smoking (never, former, current), physical activity index (I, II, III, IV), prevalent bronchitis/emphysema (yes vs. no), prevalent asthma (yes vs. no), and social class (I, II, IIIa, IIIb, IV, V).
§ As in the original multivariate model, but categories for smoking were former and never smokers, and terms for prevalent bronchitis/ emphysema and prevalent asthma were excluded. reported to have lower FEV 1 and FVC values (7, 10) , as well as a higher waist:hip ratio (29) (30) (31) . However, the inverse relation remained significant even among never smokers only. The proportions of persons with known respiratory illnesses such as chronic bronchitis, emphysema, and asthma, which could likewise reduce FEV 1 and FVC (13) , were highest in the top waist:hip ratio quintiles. Adjusting for or excluding persons with preexisting respiratory illnesses attenuated the relation, but the findings remained significant.
The inverse relation with respiratory function is consistent with the findings of other studies that measured waist:hip ratio (14, 22) . Unlike the findings in the study by Lazarus et al. (22) and in the second Health and Lifestyle Survey (14), our current findings showed a relation not only in men but in women as well. Differences in the findings may be due to a lack of statistical power to detect small effects (22) , the use of published regression equations to predict body composition (22) , or the inclusion of women of much younger ages (18-45 years) (14) in the analyses. Of all the various indices FIGURE 1. Forced expiratory volume in 1 second (liters) by quartile (Q) of waist:hip ratio and body mass index (BMI) (weight (kg)/height (m) 2 ) in 9,674 men and 11,876 women aged 45-79 years without prevalent heart disease, stroke, or cancer, European Prospective Investigation into Cancer and Nutrition-Norfolk, United Kingdom, 1993-1997. Values were adjusted for age, height, cigarette smoking (never, former, or current), physical activity index (I, II, III, or IV), prevalent bronchitis/emphysema (yes vs. no), prevalent asthma (yes vs. no), and social class (I, II, IIIa, IIIb, IV, or V).
of obesity, waist:hip ratio had the most consistent negative independent correlation with lung function in our cohort. This result differed from that of the study by Collins et al. (23) , where lung function was more strongly negatively correlated with body mass index than waist:hip ratio. The high correlation of waist circumference and lung function in women is consistent with findings from another study (32) . Although waist circumference, on its own or when adjusted for body mass index, is less related to respiratory function, adjusting further for height showed a strong inverse relation between lung function and waist circumference. The collinearity of waist circumference with body mass index makes the independent effect of waist circumference more difficult to interpret. Nevertheless, it is plausible that waist circumference, as an indicator of abdominal fat deposition, has to be understood in the context of body size to allow us to understand its full effect on respiratory function.
There was also an intriguing sex difference in our findings. In men, for any given level of waist:hip ratio, lung function became positively related to body mass index, but in women, a negative relation of lung function with body mass index was still apparent after adjustment for waist:hip ratio. The difference in the proportion of fat and lean mass and the difference in the fat mass distribution between men and women (33) are not necessarily reflected when using body mass index. After adjustment for waist:hip ratio, the independent effect of body mass index on respiratory function observed in men could reflect the influence of their higher ventilatory muscle mass or strength in comparison with women. However, we could not determine whether men would exert stronger effort than women in performing spirometry. Whatever the explanation for the varying relation of body mass index with respiratory function, the more consistent association of waist:hip ratio with lung function in both men and women and in all subgroups suggests that waist:hip ratio is a better indicator than body mass index in determining the role of obesity in predicting lung function in the general population. Obesity may directly affect respiratory function through various mechanisms. The accumulation of fat may mechanically affect the expansion of the diaphragm, probably by encroaching into the chest by the chest wall or diaphragm (20) or by impeding the descent of the diaphragm during forced inspiration (22) . Low FEV 1 and FVC values suggest restrictive lung patterns among obese persons (34) . Fat deposits between the muscles and the ribs may also decrease chest wall compliance (1, 13, 35) , thereby increasing the metabolic demands and workload of breathing in the obese even when at rest (35) (36) (37) . On the other hand, chronically obese persons have been shown to have peripheral airway obstruction independent of smoking (38) . It is plausible that hypoxia due to chronic obstruction may then trigger the sympathetic nervous system activity leading to increased pulmonary vascular resistance (39, 40) . Consequently, the capacity for air in the lungs decreases.
It is also possible that respiratory function and abdominal obesity are both related to physical activity. Increased physical activity is related to lower waist:hip ratio in adult men (31, 41) and in young adult men and women (42) , but the relation between respiratory function and physical activity is not well documented. Increased lung function has been demonstrated after prolonged periods of training in select population groups such as athletes, particularly among children and younger swimmers (43, 44) , but not among adult runners and rowers (44) . In a longitudinal study, daily physical activity was positively related to FVC but not to FEV 1 (45) . Among elderly men, both FEV 1 and FVC were positively associated with physical activity (10) . In the EPICNorfolk cohort, various indicators of physical activity showed that persons engaged in more active leisure activities had better respiratory function than persons who were leading a more sedentary lifestyle and that those who were engaged in more vigorous leisure-time activities had a slower decline in FEV 1 (46) . The mechanism by which enhanced physical activity improves lung function is unclear, but it was suggested that ventilatory musclestrength exercise enhanced maximal shortening of the inspiratory muscles (47) , thereby increasing maximal respiratory pressure, which is positively associated with higher FVC (48) . While adjustment for physical activity did not alter the relation of waist:hip ratio and lung function, it may be that measurement error in the assessment of physical activity did not permit adequate adjustment.
There were limitations in this study that should be considered. Our findings were obtained mainly in White British men and women; hence, our findings may be less generalizable to other populations or ethnic groups. Despite adjustments for possible confounders, we could not totally rule out residual confounding. The findings were based on crosssectional analyses, and it remains to be seen whether reducing abdominal obesity, whether through physical activity or other means, will improve respiratory function or slow the age-related decline in lung function. Nevertheless, the relation of FEV 1 and FVC with abdominal obesity appeared to be independent of other variables that are known to be important determinants of respiratory function. This relation was apparent across the entire normal population distribution of waist:hip ratio, even among nonobese never smokers and those without known respiratory disease.
Further exploration of this relation might highlight factors other than smoking and pulmonary disease that may be important determinants of respiratory function in the general population. The relation between abdominal obesity and pulmonary function may also suggest a possible role of abdominal obesity in the etiology of mortality associated with decreased pulmonary function, particularly death related to cardiovascular disease. Alternatively, impaired respiratory function may form part of the various pathways by which obesity may cause cardiovascular disease.
